Abstract-Patterned microstructures of hydrogels have attracted significant attention due to an increasing need for developing scaffolds for tissue engineering, as carriers for drug delivery, and as extracellular matrices for biological studies. However, current tissue engineering approaches lack the flexibility required for developing complex two or threedimensional (2D/3D) microstructures, which are used to impart suitable cell mechanical microenvironments. In this paper, we present an ultraviolet (UV) light curing method based on a digital mirror device-based modulating projection printing (DMPP) system for fabricating patterned poly(ethylene glycol) diacrylate (PEGDA) hydrogel microstructures. With programmable UV exposure, polymerisation of the PEGDA solution can be induced to create 2D/3D microstructures with high biocompatibility. The main advantage of DMPP is that it is a mask-free method. In addition, the efficiency of the DMPP method is much higher than other methods for patterning PEGDA microstructures. The duration of UV exposure was less than 10 s. In the experiments described below, several types of microstructure arrays have been fabricated. These initial results show that the DMPP method can be used for fabricating highly complex microstructures with controlled accuracy.
INTRODUCTION
During the last two decades, the microfabrication technology has been extensively studied for its considerable applications in various fields. Research on hydrogel microfabrication has become a hot topic because of its extensive application in biological engineering. Particularly, poly(ethylene glycol) diacrylate (PEGDA) [1] is a commonly used hydrogel because of its biocompatibility and excellent mechanical properties. PEGDA has been widely used in various fields such as drug delivery [2, 3] , biosensing [4] , tissue engineering [5, 6] , directed cell migration [7] , and fabrication of micropillar arrays [8] . Currently, several methods, such as soft lithography, two-photon 3D lithography, lithography, and inkjet printing, have been developed for hydrogel microfabrication. Among these techniques, soft lithography requires a pre-designed mold or stamp, which limits its flexibility [9] . Two-photon lithography [10, 11] is a desirable microfabrication method capable of creating very complex, high-resolution 3D microstructures. However, because of its linear scanning mode, it is an extremely time-consuming process. Inkjet printing [12] is a flexible and low-cost method for creating 3D microstructures. However, it is very challenging to control the microstructure properties, including the size, shape, and physiochemical properties. Lithography [13] requires expensive masks and processing equipment; therefore, it is not feasible for fabricating customised microstructures.
In this paper, we present a digital mirror device (DMD)-based modulating projection printing (DMPP) method for hydrogel microstructure fabrication. Compared with traditional manufacturing techniques, the proposed method is a stereolithography rapid prototyping (RP) technique [14] that is both mask-free and configurable. The real-time projection of UV light is controlled using a computer, which employs a digital dynamic mask instead of a real mask. DMPP is more flexible, effective, and repeatable than conventional techniques.
II. METHODOLOGY

A. Schematic of the DMD-based modulating projection printing system
As shown in Fig. 1 , the printing system consists of five components: light source, DMD [15] , projection optics, processing platform, and charge-coupled device (CCD) camera. In order to obtain the accuracy of the optical path, we used an ultraviolet (UV) laser as the light source. The wavelength of the laser is 375 nm and light intensity is 50 mW. The DMD, which serves as the dynamic mask, is the core component of the printing system. The DMD is an optical semiconductor module, allowing for digitally processed and projection light [16] . With the light source and optical device integration, the DMD can be implemented with more speed, accuracy, and efficiency than other spatial light modulators, such as liquid crystal displays (LCDs). During operation, the two lenses are hinged at +12° and -12°, respectively. The lenses (positive and negative) can be deflected by changing the underlying CMOS control circuit and are controlled in the binary state by the reset signal alone. The DMD consists of 1024 × 768 micromirrors, and the mirror array is divided into 16 blocks for the purpose of resetting and block clearing [17] .
In order to fabricate the microstructures, the projection optics are designed to reduce the diameter of the light beam to the micron level. The platform can be moved in the XY direction to maximise the exposure area. Petri dishes filled with quantitative amounts of the hydrogel are placed on the Proceedings of the 10th IEEE International Conference on Nano/Micro Engineered and Molecular Systems (IEEE-NEMS 2015) Xi'an, China, April 7-11, 2015 platform surface. The hydrogel-initiator mixture is cured by a UV projection pattern modulated from the DMD. Before printing, the 3D structures are sliced into 2D mask images. 3D structures can be generated layer by layer via projection of the corresponding mask pattern sent to the DMD. During the manufacturing process, the thickness of each layer can be controlled by varying the exposure time and distance. Fig. 1 Schematic of the DMD-based modulating projection printing (DMPP) system.
As described above, the DMD consists of 1024 × 768 micromirrors, each having a pixel size of 13.6 μm × 13.6 μm. Thus, the exposed area S is:
where M is the number of pixels used and β is the magnification of the projection lens.
We can also obtain the resolution R without considering the aberration and diffraction caused by the 1-μm gap between each set of micromirrors. The theoretical resolution is 13.6 R  β
In our printing system, we choose the 10× UV-focusing objective as the projection lens. Therefore, the value of β in (1) and (2) Hydrogels are gel-like, colloidal substances comprised of water and solids. Poly(ethylene glycol) diacrylate (PEGDA) is one of the most commonly used hydrogels. Polymerisation begins when UV light acts on the initiator, which results in the formation of crosslinking networks. In order to match the wavelength of the laser, we chose diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO) [18] as the initiator. Preparation of the PEGDA prepolymer solution proceeds in two steps: firstly, pure PEGDA (M w = 10 kDa, M n = 575 ; Sigma Aldrich) is mixed with deionised (DI) water in a 1 : 4 (v/v) ratio and magnetically stirred for 30 min until the PEGDA is fully dissolved. Secondly, the photo initiator, diphenyl (2,4,6-trimethylbenzoyl)-phosphine oxide (TPO; Sigma Aldrich), is added to the PEGDA/DI water solution at a concentration of 0.5% (w/v) and magnetically stirred for 30 min until the initiator is completely dissolved.
B. Synthesis of the polymer and initiator
DMPP is a rapid fabrication technology based on the photo-polymerisation reaction. When UV light is shone on the surface of the prepolymer solution, photo-polymerisation occurs, converting the liquid-state solution into a solid layer in the shape of the image projected by the DMD. Free radical polymerisation plays an important role in modern polymerisation reaction engineering. As shown in Fig. 2 , free radicals are produced when TPO is exposed to UV light. The free radicals combine and react with monomer molecules by breaking the carbon-carbon double bond in the PEGDA monomer. The addition reaction occurs and the reactive monomer connects to form large molecules; this process repeats and the chain keeps growing. Chain termination occurs when two chains combine and terminate the reaction. In the experiments, fabricating the microstructures takes a few seconds (< 5 s); this can be further tuned by varying laser power, exposure time, photoinitiator concentration, or monomer concentration.
III. RESULTS AND DISCUSSION
A. Fabrication of 2D microstructure arrays
By changing the input image sequences, different virtual masks generated by the DMD can be utilized to fabricate configurable hydrogel microstructure patterns. Fig. 3 shows the scanning electron microscope (SEM) images of the fabricated PEGDA hydrogel microstructure patterns with various morphologies. Compared to the original projection images, the fabricated PEGDA hydrogel microstructures show very clear edges with sharp corners, which gives high fidelity to the designed images. Moreover, the fabrication process does not need any physical molds, masks, or other complicated micro-electromechanical system (MEMS) fabrication steps to define the size and shape of the patterns. All patterns are designed directly by the DMD, and are drawn and can be changed dynamically using the computer. To demonstrate the versatility of the nanoscale fabrication processes developed in this study and to obtain surface microtopography images, several microstructure arrays fabricated in this study were analysed under a SEM. Fig. 3a-b show the SEM micrographs of a single star and triangle microstructure in the array revealing a highly smooth surface at the top of the microstructure. Fig. 3c-d show parts of triangular and circular microstructure arrays. From the SEM images we can see that microstructures are uniform in size and the size of each microstructure is ~20 μm. Fig. 3e-f show side views of an octagonal and a circular microstructure array. The height of each structure is ~30 μm.
B. Fabrication of micropillar arrays
Recently, many techniques capable of producing polymeric micropillar arrays have emerged [19, 20] . These micropillar arrays are promising candidates for application in multi-technical fields such as microfluidic devices, cellgrowth control, MEMS, and micro lens fabrication. In our experiment, micropillar arrays of different shapes were fabricated by the DMPP system, as shown in Fig. 4 . The micropillar shapes shown in Fig. 4a-c are square, star, and triangle, respectively. Micropillar structures were achieved with good definition (~20 μm) and a height of ~40 μm. Fig. 4e-f show micrographs of the solid, vertically oriented micropillars with smooth and angular side walls.
These microstructures indicate that the developed DMPP system can effectively fabricate microstructure arrays. A microstructure can be mass produced by increasing the number of rows and columns in its array. The results suggest that the system could be used to fabricate microstructures having a resolution of several micrometres.
As mentioned above, the ideal resolution of the image space is 1.36 μm. However, when the size of the microstructure approaches this resolution, the edge of the triangle is irregular. The side of the triangle shown in Fig. 5 is ~7 μm. This is because hydrogels cannot form as sharp an edge as a typical SU8 resist.
The transverse mode of the UV laser has a nearly Gaussian profile. Hence, the intensity of light in the cross section has appears to be a Gaussian distribution. As a result, as the distance from the beam centre increases, the intensity becomes weaker. This characteristic of the beam is also observed in microstructure arrays. As shown in Fig. 6a , the diameter of the central circle is 60.29 μm, while that of a circle at the edge is only 46.89 μm. Furthermore, the diameters of microstructures in the same row also exhibit a Gaussian distribution, as shown in Fig. 6b . At the same exposure time, microstructure size increases on increasing optical intensity.
C. SICM profile of a microstructure
The surface profile of fabricated PEGDA microstructures was further analysed by scanning ion conductance microscopy (SICM). In SICM [21] , a nanopipette is used as a sensitive probe to image the sample at the nanoscale resolution without physical contact with the sample. It has been widely applied in electrochemistry, physics, and biology. Fig. 7 shows a 3D SICM profile of a single triangular pattern with a height of 8 μm. The sharp edge and flat surface of the microstructure further verify the improved resolution of the DMPP fabricating system. Detailed surface information of the microstructure can be obtained from the SICM image. 
IV. CONCLUSION
In this study, we have developed a UV-curing method, based on a DMPP system, for fabricating PEGDA hydrogel microstructure patterns. Different microstructure shapes were fabricated by this DMPP system. For a given final configuration of the microstructures, as characterised by SEM and SICM, dense microstructures were achieved in a reasonable time with good shape and sharp edges, thus demonstrating the superior performance of our printing system. Furthermore, the microstructures fabricated by this fabrication technology could be directly applied to various microsystems and biosystems. In future, this technique can be combined with microfluidics; these studies can be further extended to include cell patterning because PEGDA is intrinsically resistant to cell adhesion and protein adsorption. 
